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Abstract. The binary (simple metal) phase diagram Au–Cd contains a number of 
intermetallic compounds with various distortions, superlattices and vacancies. To 
understand the reasons of these structural complexities and their phase stability, we 
analyze these crystal structures within the nearly free-electron model in the frame of 
Fermi sphere – Brillouin zone interactions. Examination of the Brillouin-Jones 
configuration in relation to the nearly-free electron Fermi sphere provides insights for 
significance of the valence electron energy contribution to the phase stability. 
Representation of these complex structures in the reciprocal space clarifies their 
relationship to simple basic cells. This approach shows the importance of the additional 
planes for the stability of superslattices. The AuCd-hP18, AuCd3-hP24 and AuCd4-
hP273 structures are shown to be related to the AuCd-cP2 via rhombohedral distortion 
with superlattices and vacancies. 
 
1. Introduction 
 
The binary alloy system Cu – Zn represents a classical example of Hume-Rothery phases that include 
the key metallic close-packed structures: face-centered cubic (fcc), hexagonal close-packed (hcp) and 
body-centered cubic (bcc). The sequence of the phases as a function of the average number of valence 
electrons per atom  fcc  bcc  complex -phase  hcp is defined by the following values of the 
valence electron concentration 1.35 1.5  1.62  1.75 (electron/atom). 
The fact that the phase boundaries are defined by these numbers of the valence electron concentration 
has been explained within the free-electron model that takes into account the contact of the Brillouin zone 
(BZ) planes and the Fermi sphere (FS). This contact results in a formation of the energy gap and 
significant gain in the band structure energy term related to the valence electron energy [2,3]. Similar 
phase sequences were observed in many other binary alloy systems containing a noble metal from group 
IB and a neighboring element from groups IIB – VB. The Cu–Zn alloy system is relatively simple system 
with only four intermediate phases that exhibit quite simple structures with the ground high-symmetry 
metallic phases like fcc, bcc and hcp. Along with these basic metallic structures there are phases Cu5Zn8-
cI52 and CuZn3-hP3 that are related to bcc through superlattices, distortions and vacancies [4]. The 
crystal structures of binary phases were found to represent complex distortive variants of the high-
symmetry structures. Examples of binary phases derivatives from bcc and hcp through the formation of 
long-period superlattices, distortions and vacancies were considered recently [4,5]. 
In this paper we consider intermediate phases in the Au–Cd alloy system that is isoelectronic to the 
Cu–Zn system. Atomic size and electronegativity differences for Au and Cd are nearly same as for Cu 
and Zn, however the phase diagram for Au–Cd is much more complicated compared to Cu–Zn [6,7]. 
Formation of structurally complex Au–Cd phases may have its origin in the different contribution of two 
main components of the crystal structure energy: the electrostatic and the band structure terms. The 
former prefers high-symmetry close-packed structures and the latter defines structural complexity. 
Compared to lighter elements of the same column in the periodic table, heavier elements are 
characterized by more complex electronic core shells which change the balance between the crystal 
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structure energy terms. Ionic interaction (the electrostatic term) is reduced and the band structure term 
therefore may increase leading to significant differences in structural behavior. Gold is considered as an 
element with unique properties that can be accounted by “a stronger screening of electron orbitals” and 
“an increase of the effects on valence-shell properties down a column of the periodic table” [8]. 
Comparing phase diagrams of the isoelectronic systems Cu–Zn, Cu–Cd and Au–Cd one can see that 
the few and relatively simple phases in Cu–Zn change to structurally complex compounds in Cu–Cd and 
to a variety complex phases in Au–Cd. According to the data from Pearson [9], atomic ratio Cd/Cu is 
1.227 that is essentially larger than atomic ratios Zn/Cu and Cd/Au that are equal to ~1.09. The binary 
alloy system Cu–Cd that contains four intermetallic compounds Cu2Cd, Cu4Cd3, Cu5Cd8, and Cu3Cd10 
with 12, 1124, 52 and 28 atomic sites per unit cell has been recently analyzed with the help of the Hume-
Rothery rules and the Jones model to account for the factors controlling structure stability [10]. Formation 
of complex structures in the Cu–Cd system is believed to be influenced by the atomic size difference. 
Intermetallic phases in the Au–Cd system prefer long-period ordered superstructures over the simple 
high-symmetry metallic structures that are observed in Cu–Zn. As shown in this paper, one of the reasons 
for the formation of the superstructures is that for Au and Cd atoms the difference in atomic numbers (79 
and 48, respectively) provides relatively high structure factor for the superstructure reflections due to 
atomic site ordering. The energy gap is deeper on the BZ planes with stronger structure factors which 
stimulates stabilization of complex site ordered structures among Au–Cd alloys. 
 
 
2. Theoretical background and method of analysis 
 
The Hume-Rothery mechanism supposes a formation of the energy gap due to the contact of a 
Brillouin zone plane and the free-electron Fermi sphere. The symmetrical close-packed structures fcc, bcc 
and hcp, together with the complex cubic -phase Cu5Zn8-cI52, form the basic Hume-Rothery phase 
sequence.  In binary alloys there is a vast variety of structures arising due to the importance of some other 
factors such as the difference in atomic sizes, electronegativity etc. Beyond these factors, formation of 
stoihiometric compounds at certain alloy composition is defined by effects of the FS-BZ interaction. The 
Hume-Rothery mechanism has been identified to play a role in the stability of structurally complex alloy 
phases, quasicrystals and their approximants [10-13]. Jones model can be used to account for phase 
stability in tetrahedral cluster structures, icosahedral and trigonal-prismatic clusters as building blocks. 
Formation of the complex structures of elemental metals under pressure can also be related to the Hume-
Rothery mechanism [14-17]. 
The crystal energy contribution due to the band structure energy can be estimated by analysing 
configurations of Brillouin-Jones zone planes in the nearly free-electron model. A special program BRIZ 
has been developed [18] to construct FS-BZ configurations and to estimate some parameters such as the 
Fermi sphere radius (kF), values of reciprocal wave vectors of BZ planes (qhkl) and volumes of BZ and FS. 
The BZ planes are selected to match the condition q hkl ≈ 2kF that have a remarkable structure factor. In 
this case an energy gap is opened on the BZ plane leading to the lowering of the electron band energy. 
The ratio of  ½ q hkl to kF is usually less than 1 and equals ~0.95; it is called a “truncation” factor [19]. In 
the FS-BZ presentations by the BRIZ program the BZ planes cross the FS, whereas in the real system the 
Fermi sphere is deformed and accommodated inside BZ. The “truncation” factor has a characteristic value 
and corresponds to a decrease in the electron energy on the BZ plane. 
The crystal structure of a phase chosen for the analysis by the BRIZ program is characterized by the 
lattice parameters and the number of atoms in the unit cell, which define the average atomic volume (Vat). 
The valence electron concentration (z) is the average number of valence electrons per atom that gives the 
value of the Fermi sphere radius kF = (z /Vat )1/3. Further structure characterization parameters are the 
number of BZ planes that are in contact with the FS, the degree of “truncation” factor and the value of BZ 
filling by electronic states, defined as a ratio of the volumes of FS and BZ. It should be noted that in the 
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current model estimation of the FS volume is a measure of the number of valence electrons participating 
in the band structure contribution although in the real case the FS is deformed from a sphere and adopted 
to the BZ. 
Presentations of the FS-BZ configurations are given with the orthogonal axes with the following 
directions in the common view: a* is looking forward, b* - to the right and c* - upward. For the 
hexagonal lattice in the reciprocal space a*= a1h*cos30o, b*= a2h* and c*= ch*.  Structural data for binary 
phases considered in this paper have been found in the Pauling File [7] and in recent papers cited in the 
corresponding sections of this paper. 
 
3. Results and discussion 
 
The phase diagram Au–Cd is presented in Fig. 1 following Ref. [6]. For all known intermediate Au–
Cd phases, we illustrate Brillouin-Jones zones constructed with the program BRIZ. Structural data for the 
phases and data obtained with the BRIZ program are presented in Tables 1 and 2. Table 1 includes 
structure types discussed in previous papers [4,5]. Table 2 presents structures that are discussed in this 
paper while the diffraction patterns and BZ-FS configurations for these structures are shown in Fig. 2.  
 
3.1. The gold-rich alloys of the Au-Cd system 
  
The Au(Cd) solid solution extends to about 33 at% Cd. Thus the fcc boundary satisfies the Hume-
Rothery rule ~1.36 electron/atom, as for fcc Cu(Zn) phase. At low temperature several long-period 
superlattices were observed [6,7]. We consider here three representative supercells based on the close-
packed fcc and hcp structures. 
 
3.1.1. Au3Cd-tI16 phase 
The long-period phase derived from fcc is formed at ~25 at% Cd by cooling from the fcc Au(Cd) 
solid solution. The Au3Cd-tI16 structure contains nearly four fcc cells along the c axis with additional site 
ordering of components [20].The ordered alloy Au3Cd has one-dimensional antiphase domain structure. 
Basic face-central tetragonal cell contains the step shift by a translation vector (a1+a2)/2. A key factor for 
stability of this structure is arising of the new diffraction peak (105) and the appearance of the 
corresponding BZ plane at the FS (see Table 2 and Fig. 2a). Similar structure with fcc superlattices are 
also known for Ag3Mg and Pt3Sb [7]. 
 
3.1.2. Au2Cd-hP4 phase 
Alloys with 25 – 29 at% Cd were found to crystallize in the hexagonal close-packed cell with the c-
axis twice as long as the basic hcp cell [20]. This structure is usually called  as double hexagonal close-
packed, dhcp, Pearson symbol hP4. Similar structure was found in other noble-metal based alloys at 
compositions ~1.25 – 1.30 electron/atom. At these values of electron concentration there is a special 
condition where FS is touched by the edges of crossing planes (100) and (101). This brings an additional 
reduction in the band structure energy (see Table 1 and Fig. 1). 
An example of this kind of superlattice was discussed for Au87In13 -hP4 phase [5]. One more example 
is a more complex superlattice of hcp in the alloys Au-10 at% Sn with hP16 structure [7]. Lattice 
parameters of this phase are related to the basic hcp as a = 2a0 and c = 2c0 with the axial ratio c0/a0 = 
1.642, same as for the basic cell of Au2Cd-hP4 phase. This c0/a0 ratio is slightly higher than the ideal 
value c/a= 3/8  =1.633, because for z = 1.3 electron/atom, kF is less than the distance to the (002) plane. 
With this configuration one should expect an attraction of FS to the (002) planes, that should produce an 
increase of c/a comparing with the ideal value. 
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3.1.3. Long-period superlattice Au2Cd-hP98 (29-34 at% Cd) 
Along with hcp-based superlattices that have long period in c dimension such as in hP4, there are also 
several phases with long periods in a dimension. We consider the phase that is formed at 29 – 34 at% Cd 
and described in Refs. [21,22] as the basic hcp cell with a = 7a0 and c = c0 (see Table 1 and Fig. 1). An 
additional factor of stability for this hP98 phase appears as evident from the configuration of the BZ in a 
form of a decagonal-based prism inscribed in the FS in comparison to the hexagonal prism for the usual 
hcp, as was discussed in [5].  
 
3.2. Au-Cd alloys with 43 – 57 at% Cd 
 
The high-temperature phase has cubic cP2 structure of CsCl type, as for CuZn low-temperature 
phase. The Hume-Rothery rule for stability of bcc at ~1.5 el/atom is satisfied. At lower temperatures 
AuCd-cP2 phase undergoes martensitic transitions with formation of several different distorted structures 
and superlattices depending on composition [6,7].  
 
3.2.1. Martensitic AuCd phases mP6 and oP4 
Distorted structures related to bcc were considered with analysis of the FS-BZ configuration in 
Ref. [4]. Lattice distortions and superlattice formation due to transitions from cubic (cP2) to monoclinic 
(mP6) [23] or orthorhombic (oP4) [24] lead to the appearance of new BZ planes close to the FS and, as a 
consequence,  to the gain  in the band structure energy (see Table 1 and Fig. 1). 
 
3.2.2. The superstructure AuCd -hP18 
Close to the stoihiometric composition 50/50, the AuCd-hP18 phase has been observed [25-27]. The 
high-temperature cubic AuCd phase transforms to hP18 through a rhombohedral distortion with atomic 
displacements and a superlattice formation. The basic hexagonal cell can be considered as hP3 with 
lattice parameters a0 and c0 that related to AuCd-hP18 as a = a0 3  and c = 2c0. This transformation is 
related to the known transition in Ti-alloys: bcc – hP3 (or bcc – -phase) [4]. With this structural 
transformation the number of BZ planes in the vicinity to FS increased: instead of 12 planes of the (110) 
type for AuCd-cP2, there are 18 planes for hP3 and 30 planes for hP18. Therefore the degree of BZ 
filling by electron states increases from 0.77 to 0.90, respectively (see Table 2 and Fig. 2b). Space group 
for AuCd-hP18 was suggested as (143) P3 and later rejected in favor of (147) P-3 [27]. The latter space 
group is used for our BZ constructions. 
Similar transformation from cubic cP2 to a trigonal structure was observed for AgCd compound and 
explained as the shape memory effect driven the by Fermi-surface mechanism [28].  
 
3.3. Alloy phases in region 61 – 67% Cd 
 
3.3.1. The Au5Cd8-cI52 phase 
The classical gamma-brass phase Cu5Zn8 is assumed to correspond to the electron concentration 
21/13 = 1.615. Alloys Au–Cd display several phase regions with the temperature variation:  →  δ′ → ″ 
and the separate region Au3Cd5 [29]. The high temperature phases  and ´ were found to have structures 
similar to the Cu5Zn8-cI52, satisfying the Hume-Rothery rules (see Table 2 and Fig. 2c).  
 
3.3.2. The Au3Cd5-tI32 phase 
This phase is stable at room temperature, and corresponds to a specific value of composition of the 
Au3Cd5 [29]. Interestingly, that phase regions on the T – c diagram for Au3Cd5-tI32 and Au5Cd8-cI52 are 
situated close in composition; however the tI32 region exists separately (see Fig. 1). This corresponds to 
absence of structural relationship for these two types of structures. Atomic arrangements for the Au3Cd5-
tI32 structure relate to the tetrahedral packing of ordered atoms due to their slight atomic size difference. 
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Energetic preference for Au3Cd5-tI32 over Au5Cd8-cI52 can be accounted by a better VES/VBZ filling 
which is equal to 95% and 93%, respectively (see Table 2 and Fig. 2d).  
According to the symmetry of space group I4/mcm in one ab layer z c at z = 0 Au atoms in position 
8h form square-triangle nets and Cd atoms in position 16k form octagon-square nets. Interestingly, these 
two types of atomic nets are related to the arrangements of atoms in recently found incommensurate 
elemental structures under high pressure, as discussed for potassium [30] and calcium [31,32].  
 
3.3.3. Complex phase AuCd2 -mC72 
Recent structural studies of AuCd2 alloys (high-temperature form δ″) have determined the 
incommensurately modulated structure described with the average cell mC72 [33]. The basic structure of 
δ″-AuCd2 represents a new type; the elemental ordering causes an incommensurate modulation. Structural 
fragments of the δ″-phase resemble that of γ- brass, but the cell content of the δ″-phase (72 atoms) does 
not correspond to any simple multiple of the primitive cell of γ-brass (26 atoms). Construction of the 
Brillouin zone with planes lying close to the FS resulted in a many-faced polyhedron that is 89% filled by 
electron states, which corresponds to the Hume-Rothery mechanism of the structural stabilization (see 
Table 2 and Fig. 2e).  
 
3.4. The AuCd3 -hP24 phase (72 – 76% Cd) 
At the alloy composition AuCd3 (z = 1.75), a phase has been found with the structure hP24 
[34]. This structure resembles the CuZn3-hP3 phase known as high-temperature phase in the Cu-
Zn alloys at the same valence electron concentration z =1.75 [4]. Lattice parameters of AuCd2 -
hP24 are related to that of the basic cell as a = a0 3  and c = 3c0. The number of basic cells is 9 
and c0/a0 = 0.603. There are some vacancies present in this structure, because instead of 27 
atoms per cell there are 24 atoms per cell and with the ratio 24/9 one obtains 2.67 atoms per 
basic cell. The CuZn3-hP3 phase is characterized by the presence of vacancies as well and has 
~2.7 atoms/cell. Axial ratio c0/a0 is comparable with the c0/a0 = 0.612 of the ideal hP3 cell 
formed from bcc. Construction of the FS-BZ configuration for AuCd3 -hP24 one obtains 
additional planes arising due to the supercell formation (see Table 2 and Fig. 2f).  
There is a relation between AuCd3 -hP24 and the AuCd-hP18 structure considered above in 3.2.2. 
This is because both phases are superlattices to the -Ti type hP3 structure with supercells 
having a = a0 3  and c = 2c0 in the case of hP18 and c = 3c0 in the case of hP24. Basic cells 
have c0/a0 close to the ideal value ~ 0.612 and the number of atoms is 3 and 2.67, respectively. 
The number of atoms is reduced due to the increase in the valence electron concentration 
keeping the value of zN nearly constant (3×1.5 = 4.5 and 2.67×1.75 = 4.67, respectively). By 
using only very strong reflections we obtain BZ similar to a basic simple structure of hP3-type 
assuming relations of (300) and (113) to (110) and (101) of hP3 (Fig.2f, right).  
Another phase reported for AuCd3 is tP2 [35]. These studies need confirmation. FS-BZ 
configurations for this structure is shown on Fig. 1, data are given in Table 1. 
 
3.5. The AuCd4 -hP273 (82 at.% Cd) 
  
Crystal structure of a phase with the composition Au-80 at.% Cd was determined very recently [36]. 
Structure of AuCd4-hP273 is closely related to AgMg4 with the space group P63 /m and the number of 
atoms ~92 [37]. The compound AuCd4 represents a superstructure of the AgMg4 type with parameters 
√3a × √3a × c; the unit cell contains ∼273 atoms. Both compounds are characterized by valence electron 
count ~1.8 and merited as the Hume-Rothery phases. 
The group of diffraction peaks close to 2kF was selected for construction of BZ (see Table 2 and Fig. 
2g). For AuCd4-hP273 constructed BZ has highly spherical form, accommodating well the FS with filling 
~96%. Considering only the strongest reflections it is possible to trace structural relationship of hP273 to 
a basic simple structure of hP3-type assuming relations of (630) and (145) BZ planes to (110) and (101) 
of hP3 (Fig.2g, right). The cell of AuCd4-hP273 has c = 5c0 and contains ~100 basic cells that gives ~2.73 
atom/cell. This relates to the CuZn3-hP3 phase with ~2.7 atoms/cell. 
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The case of FS-BZ design for the AuCd4-hP273 phase just confirms the suggestion: “From the 
perspective of Jones theory, a metal structure is most stable if its Jones zone is as similar as 
possible to the free electron sphere comprised of the metals valence electrons” [10]. 
 
4. Conclusion 
 
Phase sequence in the Cu–Zn alloy system consists of simple high-symmetry metallic structures fcc, 
bcc and hcp (,  and ) with an addition of two phases (-cI52 and -hP3) that are derivatives of 
the bcc structure. Effects of atomic site ordering appear upon temperature decrease at the transition from 
bcc to the CsCl-type structure (cI2  cP2). Phases,  and  are completely site-disordered because Cu 
and Zn, the constituent elements of the alloy, are close neighbors in the periodic table and have minimal 
differences in the atomic size and electronegativity. 
In the Au–Cd alloy system there are considerably larger number of the intermediate phases than in 
Cu–Zn. This is due to the substantial increase in effects of ordering and the contribution of the band 
structure energy of valence electrons. The structures of Au–Cd compounds can be combined into groups 
according to their relation to the high-symmetry structures: Au3Cd-tI16 is related to fcc; Au2Cd-hP4 
and hP98 are related to hcp; martensitic phases AuCd-mP6, oP4 and hP18 are related to bcc. 
Au5Cd8-cI52 and AuCd3-hP24 can be considered as structures derived from bcc with 
superlattices and vacancies. Several compounds have separate phase regions and are defined by 
the formation of the tetrahedral, icosahedral and trigonal-prismatic clusters such as in Au3Cd5-
tI32, AuCd2-mC72 and AuCd4-hP273. The latter phase provides an example of a complex 
structure forming an almost completely spherical BZ polyhedron accommodating the FS. 
By constructing the BZ-FS configurations for the Au–Cd compounds we can see the complex 
polyhedra with the BZ planes touching the FS that demonstrates significance of the band structure energy 
of valence electrons for the phase stability. Semi-quantitative characteristics of this contribution are the 
number of BZ planes close to FS and the estimation of how well the volume of FS fits the volume of BZ. 
The FS-BZ configurations are related to the physical properties of the alloy phases.  
The driving force to form a variety of complex ordering superlattices in the Au–Cd alloys can be 
understood as an advantage of the band structure energy over the electrostatic energy. Stimulation of 
atomic site ordering for the Au and Cd atoms is provided by high difference in atomic numbers of 
constituent metals. Additional BZ planes that arise due to formation of the ordered supercells lead to 
formation of many-faced polyhedra that accommodate well the free-electron Fermi sphere.    
 
Acknowledgments 
 
The authors gratefully acknowledge Dr. Olga Degtyareva for valuable discussion and comments. This 
work is supported by the Program “The Matter under High Energy Density” of the Russian Academy of 
Sciences. 
 
References 
 
[1] W. Hume-Rothery, Atomic Theory for Students of Metallurgy, Institute of Metals, London, 1962. 
[2] N.F. Mott,  H. Jones, The Theory of the Properties of Metals and Alloys, Oxford University Press, 
London, 1936. 
[3] H. Jones, The Theory of Brillouin Zones and Electron States in Crystals, North Holland, Amsterdam, 
1962. 
[4] V.F. Degtyareva, N.S. Afonikova, Simple metal binary phases based on the body centered cubic 
structure: Electronic origin of distortions and superlattices, J. Phys. Chem. Solids 74 (2013) 18-24. 
[5] V. F. Degtyareva, N.S. Afonikova, Simple metal and binary alloy phases based on the hcp structure: 
Electronic origin of distortions and superlattices, Solid State Sciences 37 (2014) 47-54. 
[6] H. Okamoto, T.B. Massalski, The Au-Cd (Gold-Cadmium) System, Bull. Alloy Phase Diagrams 7 
(1986) 52−67. 
[7] P. Villars, K. Cenzual (Eds.), Pauling File Binaries Edition, ASM International, Metal Park, OH, 
2002. 
[8] P. Pyykkö, Theoretical Chemistry of Gold, Angew. Chem. Int. Ed. 43 (2004) 4412-4456. 
 7
[9] W.B. Pearson, The Crystal Chemistry and Physics of Metals and Alloys, Wiley, New York, 1972. 
[10] S. Lee, R. Henderson, C.Kaminsky et al., Pseudo-fivefold diffraction symmetries in tetrahedral 
packing, Chem. Eur. J. 19 (2013) 10244–10270. 
 [11] U. Mizutani, Hume-Rothery Rules for Structurally Complex Alloy Phases, Taylor & Francis, 
London, 2010. 
[12] R.F. Berger, P.L. Walters, S. Lee, R. Hoffmann, Connecting the chemical and physical viewpoints of 
what determines structure: from 1-D chains to gamma-brasses, Chem. Rev. 111 (2011) 4522–4545. 
[13 ] S. Lee, C. Leighton, F.S. Bates, Sphericity and symmetry breaking in the formation of Frank–
Kasper phases from one component materials, Proc. Natl. Acad. Sci. USA 111 (2014) 17723-17731. 
[14] V.F. Degtyareva, Brillouin zone concept and crystal structures of sp metals under high pressure, 
High Press Res. 23 (2003) 253-257. 
[15] V.F. Degtyareva, Simple metals at high pressures: The Fermi sphere - Brillouin zone interaction 
model, Phys.-Usp. 49 (2006) 369-388. 
[16] J. Feng, R. Hoffmann, N.W. Ashcroft, Double-diamond NaAl via pressure: Understanding structure 
through Jones zone activation, J. Chem. Phys. 132 (2010) 114106. 
[17] V.F. Degtyareva, O. Degtyareva, Structure stability in the simple element sodium under pressure, 
New J. Phys. 11 (2009) 063037. 
[18] V.F. Degtyareva, I.S. Smirnova, BRIZ: a vizualization program for Brillouin zone – Fermi sphere 
configuration, Z. Kristallogr. 222 (2007) 718-721. 
[19] H. Sato, R.S. Toth, Long-Period Superlattices in Alloys, Phys. Rev. Lett. 8 (1962) 239-241. 
[20] M. Hirabayashi, S. Ogawa, Crystal Structure and Phase Transitions of the Gold-Rich Gold-Cadmium 
Alloy, Acta Metall. 9 (1961) 264-274. 
[21] M. Hirabayashi, S. Yamaguchi, K. Hiraga, N. lno, H. Sato, R.S. Toth, New Type of Long-Period 
Superlattice with Hexagonal Symmetry in Gold-Cadmium Alloys, J. Phys. Chem. Solids 31 (1970) 
77-94. 
[22] Y. Watanabe and H. Iwasaki, Lattice Modulation in the Hexagonal-Type Antiphase Domain 
Structure of Au-33at.%Cd Alloy, J. Appl. Cryst. 15 (1982) 174-181. 
[23] K.M. Alasafi, K. Schubert, Crystal structure of Au1.1Cd0.9·r, Zeitschrift für Kristallographie 148 
(1978) 179-191. 
[24] W. Wallace, W.D. Hoff, W.V. Kitchingman, The Structures and Phase Transformations  in  AuCd 
Alloys, Acta Crystallogr. A 24 (1968) 680-683. 
[25] K.M. Alasafi, K. Schubert, Kristallstruktur von AuCd·r, J. Less-Common Met. 55 (1977) 1-8. 
[26] T. Ohba, Y. Emura, K. Otsuka, Structure Determination of the ζ 2′ Martensite and the Mechanism of 
β 2→ ζ 2′ Transformation in a Au-49.5 at% Cd Alloy, Mater. Trans., JIM 33 (1992) 29–37. 
[27] P. Villars, K. Cenzual, Structure Types, Springer-Verlag GmbH, Heidelberg, 2010. 
[28] R.D. McDonald, J. Singleton, P.A. Goddard, F. Drymiotis, N. Harrison, H. Harima, M-T. Suzuki, A. 
Saxena, T. Darling, A. Migliori, J.L. Smith and J.C. Lashley,  Fermi surface as a driver for the shape-
memory effect in AuZn, J. Phys.: Condens. Matter 17 (2005) L69-L75. 
[29] K.M. Alasafi, K. Schubert, Kristallstrukturen von Au3Cd5 and Au5Cd8·h, J. Less-Common Met. 65 
(1979) 23-28.   
[30] V.F. Degtyareva, Potassium under pressure: Electronic origin of complex structures, Solid State 
Sciences 36 (2014) 62-72. 
[31] V.F. Degtyareva, Structural simplicity and complexity of compressed calcium: electronic origin, 
Acta Crystallogr. B 70 (2014) 423-428. 
[32] P. Dera, A simple approach to understand the high-pressure calcium conundrum, Acta Crystallogr. B 
70 (2014) 401-402.  
[33] P. Jana, S. Lidin, Incommensurately Modulated δ″-Au1+xCd2−x Formed by an Unquenchable Phase 
Transformation from the γ‑Brass  δ′-Phase, Inorg. Chem. 52 (2013) 12980-12985. 
[34] K.M. Alasafi, K. Schubert, Kristallstruktur von AuCd3, J. Less-Common Met. 51 (1977) 225-233. 
[35] S. Ahmed, Phase Transformation in Au-Cd Alloy (75 at.%Cd), Met. Sci. 16 (1982) 497-498. 
[36] P. Jana, S. Lidin, AuCd4: A Hume-Rothery Phase with VEC of 1.8 and Icosahedral and Trigonal-
Prismatic Clusters as Building Blocks, Inorg. Chem. 54 (2015) 713-721. 
 [37] C. Kudla,Y. Prots, A. Leineweber, G. Kreiner, On the crystal structure of γ-AgMg4, Z. Kristallogr. 
220 (2005) 102–114. 
 8
Table 1. Structure parameters of several Au – Cd phases. Pearson symbol, space group and lattice 
parameters are from literature data. Fermi sphere radius kF, ratios of kF to distances of Brillouin 
zone planes ½ qhkl and the filling degree of Brillouin zones by electron states VFS /VBZ are calculated 
by the program BRIZ [18]. 
 
          Phase 
 
Au2Cd 
ht 
 
Au2Cd 
 
 
AuCd 
ht 
 
Au1.1Cd0.9 
 
   AuCd 
 
AuCd3 
 
 
Pearson symbol 
 
 
hP4 
 
hP98 
 
cP2 
 
mP6 
 
oP4 
 
tP2 
 
Structural data a 
 
Space group 
 
P63 /mmc P63 /mmc  Pm3 m P12/m1 Pmma  P4/mmm  
 
lattice parameters 
(Å) 
a = 2.91 
c =  9.558 
 
a = 20.433 
c =  4.818 
 
a = 3.324 
 
a = 4.910 
b = 3.089 
c = 7.431 
 = 105.38o 
a = 4.766 
b = 3.151 
c = 4.859 
a = 3.348 
c =  2.873 
 
 
FS – BZ  data from the BRIZ program 
 
z 
(number of 
valence electrons 
per atom) 
1.27 1.33 1.5 1.45 1.5 1.75 
kF (Å-1) 
 
1.29 1.304 1.342 1.333 1.345 
 
1.476 
Total  number 
BZ planes 
 
32 26 12 18 16 12 
kF /(½ qhkl) 
max 
min 
 
 
1.0348 
0.915 
 
1.060 
0.929 
 
 
1.004 
 
 
1.0395 
0.886 
 
1.040 
0.927 
 
1.1125 
1.1025 
VFS / VBZ 
 
0.755 0.804 
 
0.750 0.751 0.768 0.875 
 
a Refs. [6,7] 
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Table2. Structure parameters of several Au - Cd phases as given in the literature. The Fermi sphere radius kF, 
the total number of Brillouin zone planes, the ratio of kF to distances of Brillouin zone planes ½ qhkl and the 
degree of filling of Brillouin zones by electron states VFS / VBZ are calculated by the program BRIZ [18]. 
 
 
Phase 
 
Au3Cd AuCd Au5Cd8 Au3Cd5 Au36Cd64 AuCd3 AuCd4 
 
Pearson 
symbol 
 
tI16 hP18 cI52 tI32 mC72 hP24 hP273 
 
Structural data 
 
Space group 
 
I4/mmm P3 I-43m I4/mcm C2/m P63 cm P63 /m 
Lattice 
parameters 
(Å) 
a = 4.116 
c = 16.54 
c/a =4.018 
a = 8.095 
c = 5.794 
c/a =0.716 
a = 10.03 a = 10.728 
c = 5.352 
c/a  = 0.499 
a = 14.735 
b =  8.248 
c = 12.714 
 = 115.11 
a = 8.147 
c =  8.511 
c/a =1.045 
 
a = 21.326 
c = 14.125 
c/a =0.662 
 
Atomic 
volume (Å3) 
17.51 18.27 19.404 19.25 
 
19.54 20.38 
 
20.38 
Reference [7] [7] [7] [7] [33] [7] [36] 
 
FS – BZ  data from the BRIZ program  
 
z (number of 
valence electrons 
per atom) 
1.25 1.495 1.615 1.625 1.64 1.75 1.8 
kF (Å-1) 
 
1.283 1.345 1.351 1.357 1.3567 1.3647 1.378 
Total number 
of BZ planes 
22 30 36 32 26 42 42 
 
HKL: 2kF /qhkl 
105 : 1.053 
114 : 0.972 
200 : 0.844 
008 :0.840 
 
121: 1.032 
11-2 : 1.009
300: 1.0005
 
330:1.017 
411: 1.017 
420: 1.0362 
202: 1.0283 
411: 1.0108 
-601: 1.028 
132 : 1.0114 
-332: 1.0203 
-424: 1.0151 
-115: 1.0151 
223 : 1.0182 
511: 0.990 
300: 1.0216
113: 1.0116
212: 0.982 
630 : 1.0206
443 : 1.0175
145 : 1.0147
172 : 1.0139
 
 
Filling of BZ 
with electron 
states 
VFS/VBZ (%) 
77.0 89.7 93.3 95 88.5 90.5 96.2 
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Figure 1. Au-Cd phase diagram adopted from Okamoto and Massalski [6]. Constructions of FS-BZ 
configurations are shown for the intermediate compounds with indicated compositions and structure 
types. Structural data and data from the BRIZ program are given in Tables 1 and 2. 
 
AuCd Au3Cd5 
tI32 
AuCd4 
hP273
Au3Cd 
tI16 hP98 
Au2Cd 
oP4 hP18 
Au5Cd8 
cI52
Au36Cd64 AuCd3
hP24 tP2 
AuCd3 
mP6
AuCd
cP2 
Au2Cd
hP4 
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Figure 2. Calculated diffraction patterns for selected phases from Table 2 (left) and corresponding 
Brillouin-Jones zones with the inscribed Fermi spheres (middle). The position of 2kF and the hkl 
indices of the planes used for the BZ construction are indicated on the diffraction patterns. 
Constructions of BZ planes corresponding to the strong reflections (right) show structural relationship 
to the basic cells (see text) 
a 
b 
c 
d 
e 
f 
g 
008 
114 200 
11-2  
300 
113 
300 
145 
630 
-424 
-332 
223 
-115 
-601 
